blade s e c t i o n s were compared with the c a p a b i l i t i e s o f a s t a t o r blade row h a v i n g d o u b l e -c i r c u l a r -a r c (DCA) blade sections. A CD s t a t o r with t h e same chord l e n g t h b u t h a l f t h e blades o f the DCA s t a t o r was designed and t e s t e d . The same f a n rotor ( t i p speed, 429 mlsec; pressure r a t i o , 1.65) was used w i t h each s t a t o r row. o v e r a l l stage and rotor performances w i t h each s t a t o r are then compared along w i t h s e l e c t e d blade element data. 1 percentage p o i n t g r e a t e r minimum o v e r a l l e f f i c i e n c y decrement than t h e DCA s t a t o r a t or near design speed.
t a t o r with t h e same chord l e n g t h b u t h a l f t h e blades o f the DCA s t a t o r was designed and t e s t e d . The same
f a n rotor ( t i p speed, 429 mlsec; pressure r a t i o , 1.65) was used w i t h each s t a t o r row. o v e r a l l stage and rotor performances w i t h each s t a t o r are then compared along w i t h s e l e c t e d blade element data. 1 percentage p o i n t g r e a t e r minimum o v e r a l l e f f i c i e n c y decrement than t h e DCA s t a t o r a t or near design speed.
The design and a n a l y s i s system i s b r i e f l y described here. The 
i n s t r u m e n t a t i o n s t a t i o n between rotor and s t a t o r ( f i g . 3) 3 i n s t r u m e n t a t i o n s t a t i o n downstream o f s t a t o r ( f i g . 3)
3hi S u p e r s c r i p t : -
mass-averaged Val ue a r i t h m e t i c average of three h i g h e s t values measured across s t a t o r gap INTRODUCTION Various blade c r o s s -s e c t i o n a l shapes have been s t u d i e d i n o r d e r t o improve
f a n or compressor e f f i c i e n c y and flow range and t o achieve the same performance w i t h fewer b u t more h i g h l y loaded blades. A i r f o i l shapes t h a t c o n t r o l the d i ff u s i o n o f v e l o c i t y over the surface can increase t h e amount of laminar flow i n r e l a t i o n to t u r b u l e n t flow and d e l a y o r a v o i d flow s e p a r a t i o n b e f o r e t h e t r a i li n g edge. C o n t r o l l e d -d i f f u s i o n a i r f o i l shapes can improve t h e a i r f o i l ' s opera t i n g e f f i c i e n c y and have found wide a p p l i c a t i o n i n r e c e n t years. examples have been i s o l a t e d , s u p e r c r i t i c a l a i r f o i l s ( r e f . 11, s u p e r c r i t i c a l cascades ( r e f s . 2 t o 5), s u b c r i t i c a l s t a t o r s for compressors ( r e f . 61, and low-speed t u r n i n g vanes f o r wind tunnels ( r e f s . 7 and 8). Although c o n t r o l l e dd i f f u s i o n (CD) shapes a r e more complex then d o u b l e -c i r c u l a r -a r c (DCA) shapes, modern n u m e r i c a l l y c o n t r o l l e d machining techniques should reduce d i f f i c u l t i e s i n f a b r i c a t i o n . Aerodynamic loadings ( o r t u r n i n g s ) can be h i g h e r w i t h CD blade shapes than w i t h conventional shapes w i t h o u t s a c r i f i c i n g loss l e v e l s or opera t i n g range ( r e f . 9). This c a p a b i l i t y can reduce the number o f blades r e q u i r e d i n a conventional f a n s t a t o r row.
Some
The o b j e c t i v e of t h i s study was to compare t h e c a p a b i l i t i e s o f a s t a t o r blade row having CD blade s e c t i o n s wfth t h e c a p a b i l i t i e s o f one having DCA blade s e c t i o n s . A CD s t a t o r w i t h the same chord l e n g t h as t h e DCA s t a t o r ( r e f . 10) b u t w i t h h a l f t h e blades was designed and t e s t e d . The same f a n rotor ( t i p speed, 429 m/sec; pressure r a t i o , 1.65) was used w i t h each s t a t o r row. One-half the s t a t o r blade count was selected because ( 1 ) the s t a t o r blade e l e - A CD s t a t o r design w i t h the same blade number and chord l e n g t h as the DCA s t a t o r was considered for the p r e s e n t comparative study. However, t h a t choice was r e j e c t e d because l i t t l e or no measurable improvement i n performance was expected over t h e o r i g i n a l DCA design, which had performed v e r y we1 1. T h i s paper b r i e f l y describes the design and a n a l y s i s system for t h e CD s t a t o r s . The o v e r a l l stage and r o t o r performances w i t h each s t a t o r a r e then compared, as a r e s e l e c t e d blade element d a t a from each s t a t o r . Measurements o f chordwise d i s t r i b u t i o n s of s t a t i c pressure a t lo-, SO-, and 90-percent CD s t a t o r spans are discussed. The performance d a t a presented can be used t o assess t h e design and a n a l y s i s system. A data base for t h e e v a l u a t i o n of o t h e r computational codes i s a l s o provided.
DESIGN AND ANALYSIS SYSTEM
The design and a n a l y s i s system used for t h e CD s t a t o r blade row i s d i agrammed i n f i g u r e l. I t i s a quasi-three-dimensional, i n v i s c i d -v i s c o u s i n t e ra c t i o n system. Only t h e o v e r a l l process i s described here; d e t a i l s o f the i n d i v i d u a l codes a r e contained i n the r e f e r e n c e s c i t e d . The compressor d e s i g n program (CDP code, ( r e f . 11)) f i r s t made a h u b -t o -t i p plane f l o w -f i e l d c a l c ul a t i o n (axisymmetric) w i t h p r e l i m i n a r y blade geometry t h a t s a t i s f i e d t h e d e s i r e d v e l o c i t y diagrams a t t h e blade edges.
( r e f . 12) use previous t e s t r e s u l t s from t h e o r i g i n a l stage a t peak e f f i c i e n c y o p e r a t i o n t o s e t the bounding f l o w c o n d i t i o n s f o r the CD s t a t o r . The CDP code d i d n o t c a l c u l a t e f l o w c o n d i t i o n s w i t h i n t h e blade rows. The f l o w w i t h i n and
The CDP and MERIDL codes around the s t a t o r row was analyzed by MERIDL, TSONIC ( r e f . 13>, QSONIC ( r e f . 141, and BLAYER ( r e f . 15). If t h e d e s i r e d r e s u l t s were n o t achieved, new s t a t o r blade cross s e c t i o n s were generated by t h e b l a d e element program (BEP), which i s p a r t o f t h e CDP code.
The a n a l y s i s procedure was as f o l l o w s : F i r s t , t h e i n l e t and o u t l e t Mach numbers and a i r angles, along w i t h streamtube convergence and r a d i u s change, were determined by MERIDL. Next, i n d i v i d u a l b l a d e element c r o s s -s e c t i o n a l geometry was generated by t h e BEP. With t h i s b l a d e geometry and bounding flow c o n d i t i o n s , blade-to-blade flow f i e l d s were c a l c u l a t e d f o r s e l e c t e d spanwise s e c t i o n s by using t h e TSONIC and QSONIC codes. Although r e s u l t s from these two codes were e s s e n t i a l l y t h e same over most of t h e chord l e n g t h , t h e r e were d i fferences near both t h e l e a d i n g and t r a i l i n g edges. The QSONIC code p r o v i d e s b e t t e r d e f i n i t i o n near t h e l e a d i n g edge than does t h e TSONIC code, and i t i s more accurate when l o c a l v e l o c i t i e s a r e supersonic. The TSONIC code, however, provides more r e a l i s t i c v e l o c i t i e s near t h e t r a i l i n g edge than does t h e QSONIC. TSONIC employs a mass i n j e c t i o n r o u t i n e a t t h e t r a i l i n g edge t h a t s i m u l a t e s t h e blade wake (unpublished addendum t o r e f . 13). Thus, a composite o f r e s u l t s was used w i t h QSONIC values o v e r t h e forward half-chord ( a p p r o x i m a t e l y ) and TSONIC values over the r e a r h a l f -c h o r d .
Because the code r e s u l t s from MERIDL, BEP, TSONIC, and QSONIC assume an i n v i s c i d flow, boundary-layer c a l c u l a t i o n s were made n e x t . The BLAYER code ( r e f . 15), w i t h i t s two-dimensional i n t e g r a l method, c a l c u l a t e s b o t h l a m i n a r and t u r b u l e n t boundary l a y e r s . The s u r f a c e v e l o c i t y d i s t r i b u t i o n s r e q u i r e d as i n p u t t o BLAYER were from t h e p r e v i o u s TSONIC and QSONIC r e s u l t s . From an i n i t i a l laminar boundary l a y e r a t t h e l e a d i n g edge, t h e BLAYER c a l c u l a t i o n proceeded chordwise u n t i l laminar s e p a r a t i o n was assumed t o occur near t h e s t a r t o f any adverse pressure g r a d i e n t . A t u r b u l e n t l a y e r was then s t a r t e d by u s i n g i n i t i a l c o n d i t i o n s based on a laminar s e p a r a t i o n bubble model ( r e f . 1 6 ) . To determine whether t h e t u r b u l e n t l a y e r would separate b e f o r e t h e t r a i l i n g edge, t h e incompressible form f a c t o r H i was c o n t i n u o u s l y c a l c u l a t e d . I f t h e value o f H i was l e s s than 2.0, s e p a r a t i o n o f t h e t u r b u l e n t l a y e r was n o t expected and the s t a t o r blade c r o s s -s e c t i o n a l p r o f i l e was acceptable. I f H i was g r e a t e r than 2.0, t h e p r o f i l e was m o d i f i e d and t h e a n a l y s i s procedure was repeated. The c a l c u l a t e d boundary-layer displacement t h i c k n e s s 6* was added t o t h e blade p r o f i l e f o r t h e TSONIC and QSONIC c a l c u l a t i o n s . Blade s e c t i o n s a t f i v e spanwise l o c a t i o n s (lo-, 30-, SO-, 70-, and 90-percent spans) were designed i n a s i m i l a r f a s h i o n . blade. Geometries f o r any i n t e r m e d i a t e cross s e c t i o n s of i n t e r e s t were o b t a i n e d from a simple CURVFIT r o u t i n e . Next, a check was made t o ensure t h e gross c o m p a t i b i l i t y o f t h e h u b -t o -t i p and blade-to-blade s o l u t i o n s . Only a f e w i t e r a t i o n s were r e q u i r e d t o match t h e boundary c o n d i t i o n s f o r these codes.
These were then stacked i n t h e CDP t o make a As p r e v i o u s l y i n d i c a t e d , design flow c o n d i t i o n s i n t o and o u t o f t h e CD s t a t o r were obtained from MERIDL. The MERIDL nongeometric i n p u t c o n s i s t e d o f r a d i a l p r o f i l e s of i n l e t and o u t l e t t o t a l pressure and t a n g e n t i a l v e l o c i t y a l o n g w i t h i n l e t t o t a l temperature. These aerodynamic values were o b t a i n e d from previous measurements. The t o t a l pressure p r o f i l e s i n p u t t o MERIDL were f a i r e d t o decrease c l o s e t o t h e w a l l s i n o r d e r t o s i m u l a t e the e f f e c t o f t h e w a l l boundary-layer blockage. I t was assumed t h a t t h i s f a i r i n g would serve i n p l a c e o f s p e c i f y i n g w a l l blockage f a c t o r s . 
changed and t h e process r e t r a c e d as i n d i c a t e d i n f i g u r e 1 .
Whenever design c r i t e r i a were n o t met, t h e blade geometry was
The CD s t a t o r (S67B) blade cross s e c t i o n a t 50-percent span t h a t r e s u l t e d from t h i s design and a n a l y s i s system i s shown i n f i g u r e 2. (Coordinates f o r tne CD s t a t o r cross s e c t i o n s a t the lo-, 50-, and 90-percent spans are g i v e n i n t a b l e I.). For comparison, the o r i g i n a l DCA s t a t o r (S67) blade i s a l s o shown. Midspan s o l i d i t y u i s 0.84 for S67B and 1.68 for S67. The CD s t a t o r t u r n s most o f t h e a i r over the f o r w a r d half-chord.
The r e l a t i v e l y s t r a i g h t r e a r h a l f o f the blade i s necessary to prevent t u r b u l e n t boundary-layer s e p a r a t i o n . c o n t r a s t , the OCA (S67) blade has a constant t u r n i n g r a t e from t h e l e a d i n g edge t o the t r a i l i n g edge. Both s t a t o r s are designed t o t u r n t h e flow t o the a x i a l d i r e c t i o n . Another major d i f f e r e n c e i n t h e two blade shapes i s the angle made by t h e mean l i n e o f the blade w i t h the oncoming flow a t t h e l e a d i n g edge. This
i n c i d e n c e angle i s almost Oo for S67 ( t h e DCA blade) b u t near -14O for S67B
( t h e CD b l a d e ) . This l a r g e n e g a t i v e incidence angle f o r S67B was necessary t o a v o i d t h e tendency for a s u c t i o n surface v e l o c i t y s p i k e near the l e a d i n g edge. Such a s p i k e c o u l d t r i g g e r premature laminar boundary-layer s e p a r a t i o n f o llowed by a r e l a t i v e l y t h i c k reattached t u r b u l e n t l a y e r t h a t c o u l d i n t u r n sepa r a t e prematurely. Although o n l y midspan s t a t o r shapes a r e shown i n f i g u r e 2, f o u r o t h e r CD sections from hub t o t i p were designed and stacked for the f i n a l blade. The o t h e r s e c t i o n s have s i m i l a r f e a t u r e s b u t d i f f e r i n t o t a l t u r n i n g and s o l i d i t y as r e q u i r e d across the span.
I n APPARATUS AND PERFORMANCE CALCULATIONS
The flow p a t h and t h e i n s t r u m e n t a t i o n l o c a t i o n s f o r t h e single-stage f a n a r e shown i n f i g u r e 3. The o r i g i n a l stage ( r e f . 10) u t i l i z e d DCA b l a d i n g f o r b o t h the r o t o r (R67) and the s t a t o r (S67).
The c o n t r o l l e d -d i f f u s i o n s t a t o r w i t h 17 blades i s c a l l e d s t a t o r 678 (S67B). Aerodynamic d a t a were o b t a i n e d f r o m the t r a v e r s e o f conventional pneumatic probes ( r e f . 17) a t t h e t h r e e measu r i n g s t a t i o n s i n d i c a t e d . Chordwise d i s t r i b u t i o n s of s t a t i c pressure were a l s o measured on the CD s t a t o r a t lo-, 50-, and 90-percent spans (design s t r e a m l i n e l o c a t i o n s a t t h e rotor t r a i l i n g edge). Local surface Mach number were d e t e rmined from s t a t i c pressures and t h e corresponding s t a t o r i n l e t t o t a l pressure measured a t s t a t i o n 2. O v e r a l l stage performance was c a l c u l a t e d from mass-averaged t o t a l pressures and t o t a l temperatures measured a t s t a t i o n s 1 and 3. S t a t o r loss coeff i c i e n t s wW u t i l i z e d an average o f the t h r e e h i g h e s t t o t a l pressures measured across a s t a t o r gap a t s t a t i o n 3 to r e p r e s e n t t h e upstream pressure r e f e rence i n i t s numerator (see NOMENCLATURE). The same three-high average was a l s o used f o r r o t o r o u t l e t pressure. Mass-averaged t o t a l temperatures f r o m s t a t i o n 3 were used i n determining r o t o r energy a d d i t i o n and r o t o r e f f i c i e n c y .
I n reduci n g and e v a l u a t i n g the present data, t h e s t a t i o n 2 measurements were used f o r a i r angle, Mach number, and the d i f f e r e n c e between t o t a l and s t a t i c pressure t h a t forms t h e denominator of 3 , .
RESULTS AND DISCUSSION
O v e r a l l performances of r o t o r 67 (R67), stage 67 (R67 w i t h t h e DCA s t a t o r , The CD S67), and stage 678 (R67 w i t h t h e CD s t a t o r , S67B) a r e discussed first.
O v e r a l l performance. -Rotor 67, stage 67, and stage 676 o v e r a l l performance values are presented i n f i g u r e 4. s t a t o r 676 r e l a t e d data; t h e r i g h t s i d e shows s t a t o r 67 r e l a t e d d a t a . Data a t t h r e e speeds near design a r e shown, and t h e independent v a r i a b l e f o r a l l p a r t s i s t h e weight flow r a t i o e d t o t h e choked v a l u e a t d e s i g n speed. flow r a t i o i s used to minimize t h e e f f e c t of small a b s o l u t e flow d i f f e r e n c e s t h a t may a r i s e from o t h e r i n s t a l l a t i o n s o f t h e same hardware i n t h e same t e s t f a c i 1 i t y .
The l e f t s i d e o f each f i g u r e p a r t shows Such a weightAs i n d i c a t e d on the l e f t s i d e of f i g u r e 4(a), r o t o r 67 added s l i g h t l y d i ff e r e n t amounts o f energy (represented by T3/T1 a t 90 t o 100 p e r c e n t o f design speed 676, rotor 67 added s l i g h t l y more energy a t 100-percent ND and s l i g h t l y l e s s a t 90-and 95-percent ND. The rotor t o t a l pressure r a t i o s (P3)3hi/P1 f o l l o w e d these d i f f e r e n c e s i n energy added and a r e i n d i c a t e d by t h e s o l i d symbols i n f i g u r e 4 ( b ) . The r o t o r e f f i c i e n c i e s ( f i g . 4 ( c > > were e s s e n t i a l l y t h e same w i t h e i t h e r s t a t o r . The small e f f i c i e n c y d i f f e r e n c e s i n d i c a t e d a r e p r o b a b l y n o t s i g n i f i c a n t because i n s t a l l a t i o n d i f f e r e n c e s or measurement i n a c c u r a c i e s m i g h t e a s i l y account f o r them. i n g speed from 90-t o 100-percent (design t i p speed, 429 m/sec) a r e p r o b a b l y r e s p o n s i b l e f o r t h i s . The performance d i f f e r e n c e s for rotor 67 o p e r a t i n g w i t h e i t h e r s t a t o r a r e small, and some are mixed even w i t h i n t h e narrow speed range shown. With t h e r e l a t i v e l y l a r g e a x i a l spacing between r o t o r and s t a t o r ( f i g . 3 > , o n l y small i n t e r a c t i o n e f f e c t s were a n t i c i p a t e d .
what lower f o r stage 676 than f o r stage 67, p r i m a r i l y because o f t h e d i f f e r e n c e i n s t a t o r performance. The n e a r -s t a l l l i n e s were e s s e n t i a l l y t h e same f o r b o t h stages, suggesting t h a t stage s t a l l was i n i t i a t e d by t h e rotor used for b o t h stages. Previous r o t o r -a l o n e t e s t s a t design speed ( r e f . 18) i n d i c a t e d s t a l l a t about the same weight flow shown i n f i g u r e 4(b) f o r t h e stage. T h i s supp o r t s t h e conclusion t h a t t h e rotor i n i t i a t e d s t a l l f o r b o t h stages. 
f f i c i e n c y decrements across t h e s t a t o r s p r o v i d e d a u s e f u l b a s i s f o r comparing t h e performances o f d i f f e r e n t s t a t o r designs. A s i n d i c a t e d ( f i g . 4 ( d > > , t h e
s t a t o r 676 minimum e f f i c i e n c y decrement was n e a r l y t h e same f o r 90-, 9 5 , and 100-percent Ng, w i t h an average value o f 0.038. A comparable speed-averaged value f o r s t a t o r 67 was 0.028. Thus, t h e r e was approximately a l-percentagep o i n t increase i n minimum o v e r a l l e f f i c i e n c y decrement f o r the CD s t a t o r (S676) r e l a t i v e t o t h e DCA s t a t o r (S67) a t speeds near design. The reasons f o r t h i s d i f f e r e n c e a r e developed n e x t by examining t h e s t a t o r surface Mach number and pressure c o e f f i c i e n t d i s t r i b u t i o n s . 
For the o p e r a t i n g p o i n t i n d i c a t e d on f i g u r e 5, the measured i n l e t Mach numbers were about 10 p e r c e n t h i g h e r than design. This accounts i n p a r t for the upward s h i f t i n the
o u l d be avoided. The h i g h e s t losses were i n the hub r e g i o n (90-percent span), where was 0.131, about 50 p e r c e n t h i g h e r than expected. g r a d i e n t s departed f r o m p r e d i c t i o n , s t a r t i n g a t about 0 . 4 chord. The losses near t h e hub were much h i g h e r t h a n those near t h e t i p even though t h e i r s u c t i o n surface Mach number g r a d i e n t s were s i m i l a r . T h i s i s discussed l a t e r .
A lower design loss Here a l s o t h e s u c t i o n s u r f a c e Mach number
A t 90-percent ND, t h e measured i n l e t Mach numbers M2 were c l o s e t o t h e o r i g i n a l design and a n a l y s i s p r e d i c t i o n s ( f i g . 6). The s u c t i o n s u r f a c e Mach number l e v e l s and g r a d i e n t s were close to p r e d i c t i o n s near t h e s t a t o r ' s minimum e f f i c i e n c y decrement. Both t i p (10-percent span) and mean (50-percent span) s e c t i o n s d i s p l a y e d nonseparated surface g r a d i e n t s a l l the way t o the t r a i l i n g edge.
The measured l o s s c o e f f i c i e n t f o r t h e t i p was improved t o 0.047, b u t f o r the mean i t remained a t 0.030. Only the hub (90-percent span) s e c t i o n cont i n u e d t o show a premature s e p a r a t i o n on t h e s u c t i o n surface and a h i g h loss c o e f f i c i e n t o f 0.140.

A comparison o f t i p -s e c t i o n performance between f i g u r e s 5 and 6 i n d i c a t e s i t s h i g h s e n s i t i v i t y t o i n l e t a i r angle. A decrease i n I32 o f about 2 O (32.3O t o 30.4O) e l i m i n a t e d t h e premature s e p a r a t i o n ( f i g . 5)
, which i n t u r n reduced zW from 0.058 t o 0.047. A s shown l a t e r ( f i g . l o ) , i t was t h e decrease i n I32 r a t h e r than t h e decrease i n M2 t h a t reduced the loss here.
Comparisons were made between the p r e d i c t e d and a c t u a l surface pressure c o e f f i c i e n t d i s t r i b u t i o n s for the t i p , mean, and hub s e c t i o n s when each was o p e r a t i n g n e a r e s t i t s design I32 ( f i g . 7 ) . The c l o s e s t I32 matches ( d a t a versus design) i n v o l v e d d a t a f o r t h r e e o p e r a t i n g speeds (90-, 9 5 , and 100-percent ND). This presented no problem when comparing s t a t i c pressure -I
c o e f f i c i e n t s C because M; appears i n C ' s denominator.
o l l o w e d by an adverse pressure g r a d i e n t t h a t i n d i c a t e d premature sepa r a t i o n around midchord. The accompanying loss c o e f f i c i e n t s zW were a l l r e l a t i v e l y h i g h : 0.070 for t h e t i p , 0.089 for t h e mean, and 0.144 for t h e hub. R e l a t i v e l y h i g h losses a l s o o c c u r r e d i n cascade t e s t s o f a s i m i l a r CD s t a t o r s e c t i o n design ( r e f . 4) when s i m i l a r i n d i c a t i o n s of s e p a r a t i o n s t a r t i n g near midchord were measured f o r some i n l e t flow c o n d i t i o n s . A t those c o n d i t i o n s , flow v i s u a l i z a t i o n s t u d i e s
( r e f . 4) r e v e a l e d a r a t h e r l a r g e l a m i n a r s e p a r a t i o n bubble i n t h e forward chord r e g i o n w i t h a f l a t t e n e d p r e s s u r e d i s t r i b u t i o n beneath i t . The r e a t t a c h e d , t u r b u l e n t boundary l a y e r f o l l o w i n g such a bubble was b e l i e v e d t o be s u b s t a n t i a l l y thickened and t h e r e f o r e l e s s a b l e t o negot i a t e an adverse pressure g r a d i e n t
w i t h o u t s e p a r a t i o n . s t a r t i n g i n t h e r e g i o n o f reattachment precluded an o b s e r v a t i o n o f t h i s boundary-layer thickness.) S i m i l a r boundary-layer behavior i s a t t r i b u t e d t o t h e r e s u l t s shown i n f i g u r e 7. T h i s ( A c o r n e r s u c t i o n s l o t I t appeared t h a t premature s e p a r a t i o n of t h e l a m i n a r boundary l a y e r , w i t h perhaps a l a r g e s e p a r a t i o n bubble before a t h i c k t u r b u l e n t l a y e r r e a t t a c h e s on t h e s u c t i o n surface, should be avoided for low-loss o p e r a t i o n . To emphasize t h i s p o i n t , a mean-section s u r f a c e Mach number d i s t r i b u t i o n a t design speed and near-design 82 was compared w i t h one near minimum-loss 82 ( f i g . 8 ) . The dashed l i n e s are p r e d i c t i o n s from the blade-to-blade codes ( r e f s . 13 and 14).
The s i g n i f i c a n t l y d i f f e r e n t surface Mach number p a t t e r n s i n f i g u r e 8 are t h e r e s u l t of a 3.8O d i f f e r e n c e i n i n l e t a i r angle. A t a 82 o f 35.6O ( f i g . 8 ( b ) ) there was a strong, favorable pressure g r a d i e n t on t h e s u c t i o n surface from t h e leading edge t o about 40-percent chord. Thus, over t h i s r e g i o n ,
a t h i n , laminar boundary l a y e r was maintained. There was no l o c a l f l a t t e n i n g o f the surface Mach numbers such as accompanied t h e laminar s e p a r a t i o n bubbles observed i n t h e t e s t s described by Boldman ( r e f . 4 ) . Over t h e l a s t 60 percent o f chord, a strong, adverse pressure g r a d i e n t e x i s t e d . Because t h e r e was l i t t l e departure from t h e c a l c u l a t e d Mach number d i s t r i b u t i o n t h e r e , a t u r b ul e n t boundary l a y e r t h a t s t a r t s r e l a t i v e l y t h i n a l i t t l e beyond 40-percent chord i s envisioned. The d i f f e r e n c e i n loss c o e f f i c i e n t between t h e s u r f a c e Mach number p a t t e r n s a t near-design and minimum-loss 82 was a f a c t o r o f 3, 0.029 ( f i g . 8(b)> compared w i t h 0.089 ( f i g . 8 ( a > > . 
For t h e low-loss, unseparated c o n d i t i o n ( f i g . 8 ( b ) ) , t h e blade s u r f a c e Mach numbers c a l c u l a t e d by t h e blade-to-blade codes agreed w e l l w i t h t h e d a t a when t h e i n p u t boundary values such as M2 and 82 were t h e same as those measured. However, t h e BLAYER c a l c u l a t i o n s u s i n g t h e o r i g i n a l i n v i s c i d p r e d i ct i o n ( f i g . 8(a>) d i d n o t p r e d i c t t h e e a r l y l a m i n a r s e p a r a t i o n experienced, even though a g e n e r a l l y favorable pressure g r a d i e n t t o about 35-percent chord was i n d i c a t e d . On the b a s i s o f p r e s e n t d a t a and s i m i l a r r e s u l t s from cascade t e s ti n g o f o t h e r CD blade s e c t i o
A t a l l o p e r a t i n g c o n d i t i o n s ( f i g s . 5 t o 7 ) . t h e hub s e c t i o n (90-percent
The r e l a t i v e l y poor performance o v e r t h e o n e -t h i r d span) o f s t a t o r 676 showed t u r b u l e n t boundary-layer s e p a r a t i o n from t h e s u c t i o n surface around midchord. span nearest the hub caused t h e minimum o v e r a l l e f f i c i e n c y decrement across t h e s t a t o r t o be approximately 1 percentage p o i n t h i g h e r for S67B than for S67 a t
I speeds o f 90-t o 100-percent ND. Thus, i t i s i n s t r u c t i v e t o f u r t h e r examine t h e s u r f a c e Mach number d i s t r i b u t i o n s near t h e hub and compare them w i t h those a t midspan, where t h e performance was good, a t l e a s t f o r some i n l e t a i r angles ( f i g . 9 ) . s u c t i o n surface were s i m i l a r for b o t h t h e hub and mean s e c t i o n s . However, t h e Mach number d i s t r i b u t i o n for t h e hub s e c t i o n i n d i c a t e d a flow s e p a r a t i o n near
50-percent chord, whereas no flow s e p a r a t i o n was apparent for t h e mean s e c t i o n .
The corresponding l o s s c o e f f i c i e n t s were much d i f f e r e n t , b e i n g 0.159 f o r the hub b u t o n l y 0.029 for t h e mean.
The Mach number p a t t e r n s over t h e f o r w a r d o n e -t h i r d chord of t h e
Premature s e p a r a t i o n of t h e hub-section boundary l a y e r o c c u r r e d a t a l l speeds and f l o w s t e s t e d . These included c o n d i t i o n s t h a t r e s u l t e d i n 
t was achieved o v e r approximately t h e f i r s t o n e -t h i r d chord o f t h e hub s e c t i o n ( f i g . 9 ) . However, t h i s was n o t s u f f i c i e n t t o a v o i d premature t u r b u l e n t boundary-layer separation as i t was f o r t h e mean s e c t i o n .
( A s noted e a r l i e r ( F i g . 61, such f a v o r a b l e forward-chord d i s t r i b u t i o n s a l s o prevented e a r l y t u r b u l e n t s e p a r a t i o n from t h e t i p s e c t i o n . ) Thus, non-twodimensional flow effects i n t h e hub end-wall r e g i o n a r e thought t o be respon-
n s t e a d i s a r e d e s i g n t h a t minimizes or e l i m i n a t e s a p o s s i b l e c o r n e r s t a l l or reduces c r o s s f l o w s i n t h e hub r e g i o n . Such a r e d e s i g n c o u l d i n c l u d e changes t o t h e rotor, the i n n e r -w a l l contour, or t h e s t a t o r .
When t h e s t a t o r b l a d e number was c u t i n h a l f f o r s t a t o r 678 ( w i t h t h e same
a i r -t u r n i n g requirements as f o r s t a t o r 671, t h e b l a d e -l o a d i n g and c r o s s f l o w g r a d i e n t s were doubled. Also, with only h a l f t h e blades, t h e r e was t w i c e t h e amount o f lower energy flow a l o n g t h e hub w a l l per blade passage. To improve t h e hub r e g i o n flow by s t a t o r redesign, two changes a r e suggested. The f i r s t i s t o i n c r e a s e the number o f blades moderately, and t h e second i s t o reduce t h e chord l e n g t h , a t l e a s t i n t h e hub r e g i o n ( r e f . 17).
Summary o f s t a t o r blade losses. -Loss c o e f f i c i e n t s GW f o r s t a t o r s
678 and 67 a r e Dresented ( f i q . 10) as a f u n c t i o n o f i n l e t a i r anqle 0 7 and f o r t h r e e spanwise l o c a t i o n s -n e a r t h e t i p , mean, and hub. Data a t 90-: 9 5 , and 100-percent ND y i e l d e d e s s e n t i a l l y t h e same r e s u l t s , and a l l were used t o draw t h e f a i r e d l i n e s shown. A t midspan, t h e minimum l o s s c o e f f i c i e n t was approximately 0.025 for each s t a t o r and o c c u r r e d a t about t h e same 132. Near t h e t i p , t h e minimum l o s s for 5678 was approximately 0.03, compared w i t h approxi m a t e l y 0.04 for 567.
( 0.135 compared w i t h 0.07). S t a t o r blade i n c i d e n c e angles can be o b t a i n e d ( w i t h i n l o ) b y * s u b t r a c t i n g t h e value o f t h e blade mean l i n e a n g l e a t t h e l e a d i n g edge BLE g i v e n on each p a r t o f f i g u r e 10 from t h e v a l u e o f 02 on t h e abscissa.
Near t h e hub, the minimum loss was much h i g h e r f o r S67B
The i n l e t a i r angle range a t low l o s s l e v e l s was wider for t h e lowerloaded s t a t o r 67. But a narrow, low l o s s range i s n o t b e l i e v e d t o be i n h e r e n t i n a l l more h i g h l y loaded CD blade designs. Here however, an equal low loss range for a CD blade w i t h t w i c e t h e loading o f a well-designed, moderately loaded DCA blade i s p r o b a b l y n o t achievable. 
a t 90-t o 100-percent ND. c o e f f i c i e n t data such as t h a t shown i n f i g u r e 10, p l u s values from s i m i l a r d a t a p l o t s for t h e 30-and 70-percent spans. The d i f f e r e n c e i n l o s s l e v e l s between the two s t a t o r designs was p r i m a r i l y o v e r t h e o n e -t h i r d span n e a r e s t t h e hub. There t h e l o s s e s d i f f e r e d i n c r e a s i n g l y as t h e i n n e r w a l l was approached, w i t h a i r angles a t s t a t i o n 3 ( f i g . 3 ) were near t h e design i n t e n t o f Oo a t midspan for b o t h s t a t o r s . The e x i t a i r angle near e i t h e r end w a l l was approximately So h i g h e r than design (underturned) for the CD s t a t o r and near Oo f o r t h e DCA s t a t o r . Thus, t h e much h i g h e r s o l i d - 
SUMMARY OF RESULTS
The design and steady-state aerodynamic performances o f a fan s t a t o r row f o r a t r a n s o n i c single-stage f a n w i t h c o n t r o l l e d -d i f f u s i o n (CD) blade s e c t i o n s were presented. Comparisons were made w i t h t h e o r i g i n a l l y designed doublec i r c u l a r -a r c (DCA) s t a t o r row, which had t w i c e t h e number of blades o f equal chord.
I n a d d i t i o n t o the usual t r a v e r s e d a t a upstream and downstream o f t h e r o t o r and s t a t o r , chordwise d i s t r i b u t i o n s o f s u r f a c e Mach numbers from s t a t i c
taps on the CD s t a t o r a t lo-, 50-, and 90-percent spans were a l s o presented.
The f o l l o w i n g p r i n c i p a l r e s u l t s were o b t a i n e d f r o m these data:
1 . The two-dimensional performances o f t h e CD and DCA s t a t o r s were simi l a r , w i t h minimum l o s s c o e f f i c i e n t s o f about 0.030, except i n the o n e -t h i r d span near t h e hub. I n t h a t area, t h e CD s t a t o r losses were much h i g h e r because of increased end-wall e f f e c t s . A t t a i n i n g t h e low two-dimensional loss performance w i t h t h e CD blade s e c t i o n s under study r e q u i r e d a s t r o n g , favorable, pressure g r a d i e n t on t h e s u c t i o n s u r f a c e from t h e l e a d i n g edge t o about 35-t o 40-percent chord.
1 percentage p o i n t g r e a t e r minimum o v e r a l l e f f i c i e n c y decrement than t h e DCA 2. Because o f h i g h e r hub r e g i o n l o s s e s , t h e CD s t a t o r had approximately a s t a t o r a t speeds from 90 t o 100 percent o f design. hub r e g i o n losses.
T h i s was caused by h i g h e r
Stage s t a l l flows were unchanged by s t a t o r design.
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